During differentiation of isolated Zinnia mesophyll cells into tracheary elements (TEs), lignification on TEs progresses by supply of monolignols not only from TEs themselves but also from surrounding xylem parenchymalike cells through the culture medium. However, how lignin polymerizes from the secreted monolignols has not been resolved. In this study, we analyzed phenol compounds in culture medium with reversed-phase HPLC, gas chromatography-mass spectrometry and nuclear magnetic resonance spectrometry, and found 12 phenolic compounds including coniferyl alcohol and four dilignols, i.e. erythroguaiacylglycerol-β-coniferyl ether, threo-guaiacylglycerol-β-coniferyl ether, dehydrodiconiferyl alcohol and pinoresinol, in the medium in which TEs were developing. Coniferyl alcohol applied to TE-inductive cultures during TE formation rapidly disappeared from the medium, and caused a sudden increase in dilignols. Addition of the dilignols promoted lignification of TEs in which monolignol biosynthesis was blocked by an inhibitor of phenylalanine anmmonia-lyase (PAL), L-α-aminooxy-β-phenylpropionic acid (AOPP). These results suggested that dilignols can act as intermediates of lignin polymerization.
Introduction
Lignin, a phenylpropanoid polymer with a complex threedimensional structure, is an important constituent of vascular plants and accounts for approximately 30% of the organic carbon in the biosphere. Lignin is localized specifically in secondary cell walls of vessels, tracheids, and fibrous tissues of vascular bundles to give them hydrophobicity and mechanical strength. In addition, lignification is induced by microbial attack and wounding for protection of plants from them (Boerjan et al. 2003) .
Lignin is synthesized via the phenylpropanoid pathway from phenylalanine. In angiosperms, lignin is typically and mainly composed of three types of monolignols, p-coumaryl alcohol, coniferyl alcohol (CA) and sinapyl alcohol (SA). Final dehydrogenative polymerization is thought to be catalyzed by peroxidases and/or laccases in cell walls (Boerjan et al. 2003) . Recent studies on the lignin biosynthetic pathway suggest a phenylpropanoid pathway network, designated as a metabolic grid (Boudet 2000 , Boerjan et al. 2003 . The mechanism of transportation and polymerization of lignin precursors for lignification during xylem formation has not been resolved fully despite extensive efforts.
In gymnosperms and some angiosperms, lignin precursors may be transported or stored as monolignol glucosides such as coniferin, which are present in cambium and xylem cells, and polymerized into lignin after the removal of glycosyl groups by specific glucosidases (Terazawa et al. 1984 , Terashima et al. 1986 , Terashima and Fukushima 1988 , Fukushima and Terashima 1990 , Dharmawardhana et al. 1995 , Steeves et al. 2001 , Samuels et al. 2002 . After lignin precursors are transported to lignifying sites in woody plants, lignin polymerization is thought to occur by addition of one subunit to a growing polymer chain according to analyses of in vitro polymerization and the nature of linkages in lignin polymers (Boerjan et al. 2003) . However, the in vivo process of lignin polymerization remains largely unknown.
For analysis of the mechanism of transportation and polymerization of lignin precursors during xylem lignification, a suitable experimental system is needed, which allows us to dissect the complex process of lignification in vivo into its elements in vitro. Several suspension-cultured cell systems of conifers, which produce extracellular lignin in the medium, have already been established. In suspension cultures of Pinus taeda, for instance, the transfer of cells to the fresh medium containing 8% sucrose induces extracellular lignification (Nose Involvement of dilignols during TE lignification 225 et al. 1995 , Anterola et al. 1999 . In suspension cultures of Picea abies, extracellular lignin formation occurs spontaneously (Simola et al. 1992 , Kärkönen et al. 2002 . Although studies with these cultures have shown some aspects of lignification, they failed to elucidate the temporal and spatial regulation of lignin polymerization, because of asynchronous lignification in culture. Xylogenic cultures of Zinnia, in which isolated Zinnia mesophyll cells transdifferentiate into tracheary elements (TEs) synchronously and at a high frequency, is more suitable for morphological, biochemical and molecular biological studies of regulation of lignin deposition than the other culture systems (Fukuda and Komamine 1980) . Detailed analyses with the Zinnia culture system have revealed that the transdifferentiation into TEs and xylem parenchyma cells in the culture generally resembles in situ xylem differentiation (Fukuda 1997) .
Using this system, we found that TEs are lignified synchronously on the secondary cell walls after thickening in vitro as well as in vivo (Fukuda and Komamine 1982) , and that specific peroxidases and cinnamyl alcohol dehydrogenases are expressed specifically in association with lignification (Sato et al. 1993 , Sato et al. 1995 , Sato et al. 1997 . During TE differentiation of Zinnia, lignification of TEs starts 12 h after visible secondary wall thickening (Hosokawa et al. 2001) , while collapse of the central vacuole containing various breakdown enzymes of TEs as the trigger of cell death occurs 6 h after visible secondary wall thickening (Groover et al. 1997 , Obara et al. 2001 . Recently, we found that CA, the major monolignol in this system, was supplied to TEs through the medium from surrounding living cells, which may be xylem parenchyma cells (Hosokawa et al. 2001) . The supply of monolignols from the living cells may support the lignification of TEs even after cell death. Therefore, we can adopt the medium of the xylogenic cultures to model the apoplast in vivo, to study the transport and polymerization of lignin precursors.
Here we detected 12 phenolic compounds including four dilignols, erythro-guaiacylglycerol-β-coniferyl ether, threoguaiacylglycerol-β-coniferyl ether, dehydrodiconiferyl alcohol and pinoresinol, in the medium in which TEs were developing and suggested that dilignols may be intermediates of lignin polymerization.
Results

Analysis of lignin precursors in the culture medium with TE formation
Isolated Zinnia mesophyll cells cultured for 120 h in differentiation inductive medium (D medium) showed TE formation. We analyzed the phenolic substances in this medium (called conditioned medium hereafter) by reversed-phase HPLC. Twelve peaks including five major peaks were detected in the HPLC profile (Fig. 1A) , and one of them (peak 1) corresponded to CA, which we previously reported as a predominant monolignol in the conditioned medium (Hosokawa et al. 2001) . In this study, the other peaks were analyzed focusing on the major peaks 2, 3, 6 and 9.
Effect of exogenously supplied coniferyl alcohol
The changes in the five major peaks, 1, 2, 3, 6 and 9 during culture were analyzed (Fig. 2 , open squares with a broken line). Fig. 2A shows the change in the levels of peak 1 (CA) during culture. The CA concentration peaked at 48 h of culture, 12 h before visible secondary wall thickening, and then decreased markedly accompanied by secondary cell wall thickening at 60 h of culture followed by an increase (Fig. 2A) . Levels of peaks 2 and 3 increased gradually after 60 h of culture (Fig. 2B, C) . The levels of peaks 6 and 9 began increasing after 48 h of culture (Fig. 2D, E) . Thus, the increase in levels of CA seemed to precede that of peaks 2, 3, 6 and 9, which is consistent with the idea that peaks 2, 3, 6 and 9 may be derivatives of CA. To examine this possibility, we examined the changes of the levels of peaks 2, 3, 6 and 9 in the presence of exogenously supplied CA (Fig. 2 , closed lozenges with a solid line). TE differentiation was not significantly affected by addition of CA (Fig. 2F) . In spite of the addition of a large amount of CA (final concentration 100 µM), the concentration of CA in the medium decreased dramatically within 6 h after the addition ( Fig. 2A) . In contrast, the addition of CA at 60 h of culture caused transient and drastic increases in peaks 2, 3, 6 and 9 at 66 h of culture ( Fig. 2B-E) . These peaks increased at the time that CA decreased. This strongly suggests that CA in the conditioned medium is quickly converted to these peaks during culture.
Nullification of the inhibitory effect of AOPP treatment on lignification L-α-Aminooxy-β-phenylpropionic acid (AOPP), an inhibitor of phenylalanine ammonia-lyase (PAL), inhibits lignin deposition during TE differentiation of Zinnia (Ingold et al. 1990 ). We examined whether the inhibitory effect of AOPP on lignification was nullified by the exogenous supply of the peak substances. Each peak substance was purified by HPLC ( Fig. 1B ) and added at 10-fold its original concentration to the AOPPpre-treated cells at 66 h of culture, which was 6 h after initiation of secondary wall thickening, and the cells were cultured for a further 48 h. Cultured cells were stained with phloroglucinol-HCl, and stained TEs were classified into four levels of lignification (Fig. 3) . Lignification was evaluated by computer image analysis. AOPP markedly increased the proportion of weakly or non-lignified TEs (Fig. 4A) . Lignification was promoted by the addition of any of the peak substances, though to different degrees. The addition of peaks 2, 3, 6, 9 or 11, or CA was especially effective. The addition of 'mix', which is composed of all the peak substances and at 3-fold its original concentration, resulted in the greatest lignification. The lignin content of these cells was determined by the acetyl bromide method. The results confirmed that the peak substances caused lignification (Fig. 4B ). Of the peak substances, peaks 6, 9 and 'mix' strongly reversed the inhibitory effect of AOPP. Peaks 2, 3, 4, 7, 10, 11 and 12, and CA were also effective, although peaks 5 and 8 had weak effects. These results indicate that these peak substances can function as lignin precursors and be incorporated into lignin.
Identification of the peak substances
Peaks 2, 3, 6 and 9 were isolated by HPLC and analyzed by gas chromatography-mass spectrometry (GC-MS) and nuclear magnetic resonance (NMR) spectrometry. Peaks 2, 3, 6 and 9 were found to be erythro-guaiacylglycerol-β-coniferyl ether (erythro-2), threo-guaiacylglycerol-β-coniferyl ether (threo-2), dehydrodiconiferyl alcohol (3) and pinoresinol (4), respectively, by comparing their mass spectra and retention times by GC described below with those of authentic samples described in Materials and Methods. For example, the mass spectrum of peak 2 and 3 was consistent with that of the authentic sample of guaiacylglycerol-β-coniferyl ether (Fig. 5) . The determinate structure of the four peak substances revealed that all of them are dimers of CA (Fig. 6) .
Peak 2 [erythro-guaiacylglycerol-β-coniferyl ether (erythro-2)]: (acetylated compound of erythro-2), δ H (CDCl 3 ) 6.68-7.02 (6 H, m), 6.50 (1 H, d, J 15.9), 6.09 (1 H, dt, J 15.6 and 6.5), 6.00 
Discussion
In the conditioned medium of Zinnia cultures, we found five major peaks of phenolic compounds (1, 2, 3, 6 and 9) corresponding to CA, erythro-guaiacylglycerol-β-coniferyl ether, threo-guaiacylglycerol-β-coniferyl ether, dehydrodiconiferyl alcohol and pinoresinol.
The concentrations of the peak substances in the culture medium were calculated by comparison of their peak areas with those of authentic samples at 270 nm by HPLC (Fig. 2) . The ratio of dimerization from added CA to dilignols was calculated. At 66 h of culture, the increase in the concentration of each dilignol in CA-applied cultures was 13.6 µM for erythroguaiacylglycerol-β-coniferyl ether, 11.3 µM for threo guaiacylglycerol-β-coniferyl ether, 13.7 µM for dehydrodiconiferyl Involvement of dilignols during TE lignification 228 alcohol and 19.5 µM for pinoresinol. The total increase in the four dilignols was calculated to be 58.1 µM, which was not exactly equivalent to but close to half of the added CA concentration of 100 µM. This means that the applied CA is converted into these four dilignols rapidly and dominantly, and the speed of CA dimerization would be very fast in the period of secondary wall formation of TEs.
Furthermore, addition of these dilignols promoted lignification of TEs in which monolignol biosynthesis is blocked by AOPP (Fig. 4) . This clearly indicates that these dilignols can function as lignin precursors in Zinnia xylogenic cultutre.
At present, the structure of the substances corresponding to minor peaks (4, 5, 7, 8, 10, 11 and 12) has not yet been determined by GC-MS and NMR analysis. However, these minor peak substances may also be lignin precursors, because the addition of CA to culture medium induced temporal increases in the minor peaks (data not shown) and the addition of each minor peak substance restored lignification of AOPPtreated cells to some degree (Fig. 4) . Hosokawa et al. (2001) reported that coniferaldehyde (CD) and SA were present in the conditioned medium in only small amounts. Therefore, some of these minor peak substances in Zinnia conditioned medium may be lignin precursors derived from SA and CD. The lignification-restoring effect of the peak 11 substance was stronger when measured by using image analysis after phloroglucinolHCl staining than when measured with the acetyl bromide method (Fig. 4) . Because phloroglucinol-HCl staining is based on CD units (Nakano and Meshitsuka 1992) , the peak 11 substance may contain CD units.
The lignifying effects of each peak substance and 'mix' were calculated from the results shown in Fig. 4B . The total increase of lignin content at A 280 induced by addition of each peak substance 2-12 at 10-fold concentration was 0.75 and that at 1-fold concentration was 0.075. Meanwhile the increase of lignin content at A 280 induced by addition of 'mix' at 3-fold concentration was 0.34 and that at 1-fold concentration was 0.113. This implies that a mixture of various lignin precursors would be more effective than any single lignin precursor for lignification in Zinnia xylogenic culture.
The present results suggest that lignin polymerization occurs through two major precursors, namely monolignols and dilignols in Zinnia xylogenic cultures. We have shown that peroxidases with distinct functions are localized differently in the apoplast of TEs: some are secreted in the medium, and others bound to cell walls of TEs (Sato et al. 1993 , Sato et al. 1995 . Moreover, H 2 O 2 generation may also increase abruptly from 48 h of culture during TE differentiation in Zinnia (Groover et al. 1997 ). Therefore, peroxidase and H 2 O 2 in the medium may play a crucial role in the dimerization of monolignols. On the other hand, the nucleation of liginification is thought to occur in secondary cell walls (Boerjan et al. 2003) . The peroxidases bound to cell walls may be responsible for the nucleation of lignification, which might explain why formation of high molecular lignin by incorporation of monolignols and dilignols occurs only in the secondary cell wall of TEs in Zinnia xylogenic culture. Fig. 5 Comparison of mass spectra of authentic guaiacylglycerol-β-coniferyl ether and peak substances 2 and 3 after isolation by HPLC and gas chromatography. Fig. 6 Formulae of the compounds detected. 1, Coniferyl alcohol (peak 1); 2, guaiacylglycerol-β-coniferyl ether (erythro, peak 2; threo, peak 3); 3, dehydrodiconiferyl alcohol (peak 6); 4, pinoresinol (peak 9).
In several suspension-cultured cells of woody plants, these dilignols also accumulate in the medium in accordance with lignification. In P. taeda cell suspension cultures, dehydrodiconiferyl alcohol mainly accumulates in the medium by transferring cells to 8% sucrose solution (Nose et al. 1995) . In P. abies cell suspension cultures, dehydrodiconiferyl alcohol is also the most abundant dilignol among all lignin precursors (Kärkönen et al. 2002) . The structure of lignins produced by the cell suspension cultures of the woody plants would be affected by the ratio of these dilignols in the medium. Guaiacylglycerol-β-coniferyl ethers, dehydrodiconiferyl alcohol and pinoresinol comprise β-O-4, β-5 and β-β linkages, respectively, in lignin (Kärkönen et al. 2002) . In general, the β-O-4 linkage is more abundant than β-5 and β-β linkages in the milled wood lignin of conifers, whereas β-5 and β-β linkages are more abundant than the β-O-4 linkage in the lignin of the cell suspension cultures of conifers and dehydrogenation polymer (DHP) from CA in vitro (Terashima et al. 1996 , Hatfield and Vermerris 2001 , Kärkönen et al. 2002 .
The ratio of dilignols in the conditioned medium of Zinnia xylogenic culture is rather similar to the ratio of the linkages of the lignins of cell suspension cultures of conifers and DHPs derived from CA than the milled wood lignin of gymnosperm and angiosperm lignins in situ. Many environmental factors for polymerization such as the concentration and composition of monolignols, the concentration of hydrogen peroxide, extracellular pH, variety of peroxidases and laccases, existence of polysaccharides or the differences of the type of xylem cells affect the structures of lignins (Terashima et al. 1996 , Grabber et al. 2003 . The Zinnia xylogenic culture is thought to be a model of protoxylem differentiation (Fukuda 1997) and produces CA as the principal monolignol (Hosokawa et al. 2001) . This is consistent with the previous report that, in the secondary xylem of Betula, the lignin of the vessel is mainly of the guaiacyl type (Fergus and Goring 1970) . To understand the generality and specificity of the Zinnia xylogenic culture system, we need to clarify the structure of the lignin produced in the xylogenic culture in vitro and that of the protoxylem lignin in Zinnia in situ.
There are two quite disparate schools of thought as to how macromolecular lignin is synthesized in vivo. One proposes random radical coupling of monolignols to lignin polymers under simple chemical reactions (Hatfield and Vermerris 2001) . Another suggests strong biological control by dirigent proteins to produce optically active dimers over the outcome of radical coupling (Davin et al. 1997 , Lewis 1999 , Davin and Lewis 2000 . Our results showing that dilignols as well as monolignols were efficient precursors of lignin in Zinnia xyloenic culture fall between these two schools of thought. Fig. 7 summarizes the lignification during TE differentiation of isolated Zinnia mesophyll cells incorporating all these findings. (1) CA is secreted from TE precursor cells and xylem parenchyma-like precursor cells and accumulated in the medium before initiation of secondary cell wall thickening in developing TEs. (2) In accordance with initiation of secondary wall thickenings, secreted CA is rapidly dimerized to dilignols by the action of peroxidases bound to cell walls and/or liberated in the medium, consequently dilignols accumulated in the medium. Dilignols are the principal lignin precursors in this period. (3) After thickening of secondary walls of TEs, in addition to dilignols, CA is gradually accumulated in the medium again. Dilignols and CA are polymerized into lignin by the action of peroxidase located in secondary walls of TEs. Laccases may also function in either or both dimerization and polymerization.
In the present study, we showed that CA in the medium was dimerized into dilignols, which were utilized for lignification of TEs in Zinnia xylogenic cultures. This is the first report demonstrating that dilignols actually function as lignin precursors during TE differentiation in vitro. Whether dilignols are 
Materials and Methods
Plant material and cell culture
Mesophyll cells were isolated from the first true leaves of 14-day-old seedlings of Zinnia elegans L. cv. Canary Bird (Takii syubyo Co., Kyoto, Japan) as described previously (Fukuda and Komamine 1980, Sugiyama et al. 1986 ). Isolated cells were cultured in the dark at 27°C with rotation on a revolving drum at 12 rpm. All experiments were performed with cells cultured in differentiation inductive medium (D medium) that contained 0.1 mg l -1 naphthaleneacetic acid and 0.2 mg l -1 benzyladenine. The rate of TE differentiation was determined as the number of TEs per number of living cells plus TEs counted using a hemocytometer. Cultured cells were collected by centrifugation (100×g, 1 min), frozen in liquid nitrogen, and stored at -75°C for measurement of lignin content. Culture media were filtered with a 0.2 µm filter (Millipore), frozen in liquid nitrogen, and stored at -75°C for HPLC analysis.
Application of chemicals
Stock solutions of CA and AOPP were prepared in dimethylsulfoxide (DMSO) at 1,000-fold the required concentration. A solution of CA was added at 100 µM at 60 h of culture. The inhibitor of PAL, AOPP, was added at 10 µM at 12 h of culture. For control cultures, 0.1% DMSO was added.
Measurement of lignin content
For measurement of lignin content, cells (3 ml of culture) were washed twice with distilled water and homogenized with a glass homogenizer in 95% ethanol. After centrifugation at 1,000×g for 5 min at 4°C, the pellet was washed three times with 95% ethanol (3 ml) and twice with ethanol : hexane (1 : 2, v/v) (5 ml). The washed pellet was allowed to air-dry at 36°C overnight. The lignin content of the samples was determined according to the method of Fukuda and Komamine (1982) with some modifications. The dried samples were resuspended in 1 ml of 25% acetyl bromide in glacial acetic acid. After centrifugation at 1,000×g for 5 min, the supernatant was removed. A 1 ml aliquot of 25% acetyl bromide in acetic acid was added and samples were treated at 70°C for 25 min in glass-stoppered test tubes. Thereafter, 0.9 ml of 2 M NaOH, 5 ml of acetic acid, 0.1 ml of 7.5 M hydroxylamine hydrochloride and 3 ml of glacial acetic acid were added and centrifuged at 1,000×g for 5 min. The absorbance of the supernatant was measured at 280 nm to determine the lignin content.
Quantification of lignin content using an image analysis system
The degree of lignification of TEs was quantified using a computer image analysis system consisting of a microscope, a CCD camera (DXC-108, Sony), a scientific frame grabber (LG-3, Scion Corp.) and image analysis software (Scion Image, Scion Corp.). Cultured cells were stained with 1% (w/v) phloroglucinol in 20% (w/v) HCl to detect the deposition of lignin (Nakano and Meshitsuka 1992) , put on a slide glass, and covered with a coverglass sealed around with wax to prevent evaporation. Each cell image was captured under constant conditions and the average density of projected cell area was measured. The average density of the vicinity of each cell was used as the background. The value obtained by subtracting the latter from the former was regarded as the lignin content. One hundred TEs from three replicate cultures were measured for each treatment.
Analysis of lignin precursors in culture media by HPLC
Analysis of lignin precursours was performed according to the method of Hosokawa et al. (2001) with some modifications. A 30 ml aliquot of culture media to which acetic acid (final concentration 0.1%) for acidification and benzoic acid (final concentration 0.1 mM) as an internal standard were added was filtered through a 0.2 µm filter (PTFE; Millipore). The filtrate was applied to Sep-Pak C18 cartridges (Waters) which had been pre-wetted with 10 ml of ethanol and then equilibrated with 10 ml of water containing 0.1% acetic acid. The cartridges were washed with 10 ml of water containing 0.1% acetic acid. The lignin precursors were eluted with 2 ml of a 60% ethanol solution (15-fold condensation).
The eluate was filtered through column guards (Millipore) and aliquots (20 µl) of them were fractionated by gradient HPLC on a C-18 column (Lichrosorb PR18-5, 4.0×250 mm, GC Science Inc.) using a mixture of solvent A [2% acetic acid (v/v)] and solvent B [2% (v/v) acetic acid in acetonitrile] and gradient condition (1): 5-20% B for 45 min, 20-70% B for 20 min, 70-100% B for 5 min, 100-5% B for 1 min, and then 5% B for 5 min; solvent flow rate was 1 ml min -1 . The eluate was monitored at 270 nm, and the peak areas of the peaks were determined by integration. The peak areas of the peaks were converted to relative values that gave the peak area of benzoic acid (internal standard) as value 3. After identification of peaks 2, 3, 6 and 9, the concentrations of peaks 2, 3, 6 and 9 were estimated by comparison with the peak areas at A 270 on HPLC of authentic samples.
Isolation of individual lignin precursors
A 400 ml aliquot of the medium cultured for 120 h (conditioned medium) was concentrated to 2 ml of a 60% ethanol solution (200-fold condensation) with Sep-Pak C18 cartridges as described above. Aliquots (200 µl) of them were fractionated repeatedly by gradient HPLC described above using gradient condition (2): 5-30% B for 75 min, 100% B for 5 min, and then 5% B for 5 min, and notable peaks of lignin precursors were collected. Solvent flow rate was 1 ml min -1 . The collected peaks were diluted with 20-fold volumes of distilled water and reconcentrated to 1.5 ml of a 100% ethanol solution using Sep-Pak C18 cartridges as described above. The samples were dried at 60°C under nitrogen gas. For the recovery experiment against lignin inhibition by AOPP, dried peak substances dissolved in DMSO were added at 66 h of culture, 6 h after the beginning of visible secondary cell wall thickening, at a 10-fold concentration of the original concentration in culture media. The mixture of the peak substance dried without HPLC isolation was also dissolved in DMSO, and added at a 3-fold concentration of the original concentration to culture medium at 66 h of culture.
GC-MS and NMR analysis
A 100 ml aliquot of the 120 h cultured medium was concentrated 100-fold and fractionated by HPLC as described above. Isolated samples were analyzed by GC-MS and NMR as described below.
Instrumentation
1
H NMR spectra were taken with a JAM-LA400MK FT NMR System (JEOL). Chemical shifts and coupling constants (J) were given in δ and Hz, respectively. GC-MS was performed on a JMS-DX303HF mass spectrometer (JEOL) equipped with a Hewlett-Packard 5890J gas chromatograph and a JMA-DA5000 mass data system. GC-MS measurement conditions were as follows: electron-impact mode, 70 eV; gas-chromatographic column, Shimadzu HiCup CBP-10 M25-025 (5 m×0.2 mm); temperature, 40°C at t = 0-2 min, then raised to 230°C at 30°C/min; carrier gas, He; splitless injection. Samples (peak 2, peak 3, peak 6, peak 9) dissolved in N,O-bis(trimethylsilyl)aceta-
